Wnt signaling contributes to the reprogramming and maintenance of cancer stem cell (CSC) states that are activated by epithelial-mesenchymal transition (EMT). However, the mechanistic relationship between EMT and the Wnt pathway in CSC is not entirely clear. Chromatin immunoprecipitation with highthroughput sequencing (ChIP-seq) indicated that EMT induces a switch from the b-catenin/E-cadherin/Sox15 complex to the b-catenin/Twist1/TCF4 complex, the latter of which then binds to CSC-related gene promoters. Tandem coimmunoprecipitation and re-ChIP experiments with epithelial-type cells further revealed that Sox15 associates with the b-catenin/E-cadherin complex, which then binds to the proximal promoter region of CASP3. Through this mechanism, Twist1 cleavage is triggered to regulate a b-catenin-elicited promotion of the CSC phenotype. During EMT, we documented that Twist1 binding to b-catenin enhanced the transcriptional activity of the b-catenin/TCF4 complex, including by binding to the proximal promoter region of ABCG2, a CSC marker. In terms of clinical application, our definition of a five-gene CSC signature (nuclear b-catenin High / nuclear Twist1 High /E-cadherin Low /Sox15 Low /CD133 High ) may provide a useful prognostic marker for human lung cancer. Cancer Res; 75(16); 3398-410. Ó2015 AACR.
Introduction
Tumor recurrence is one of the biggest challenges in cancer. The existence of cancer stem cells (CSC) may account for chemotherapeutic drug resistance and tumor recurrence. Mani and colleagues found that induction of epithelial-mesenchymal transition (EMT) also generates cells with stem cell-like properties (1) . In addition, studies suggest that Wnt signaling contributes to the induction and maintenance of CSC states activated by the EMT program (2) . The mechanistic relationship between EMT and the Wnt pathway in CSCs is thus a crucial issue.
EMT plays an essential role in the development of the mesoderm from the epithelium during embryogenesis. In addition to being a physiologic mechanism for development, EMT is also recognized as a pathologic mechanism in the progression of various diseases, including inflammation, fibrosis, and cancer (3) . During EMT, cells undergo dramatic phenotypic changes as epithelial cell types are converted into cells with mesenchymal attributes, and they become motile and invade the extracellular matrix (3) . EMT induction in tumor cells upon treatment with TGFb or overexpression of the key EMT inducers Snail and Twist results in an increased ability of cells to form tumorspheres and to express CSC markers (1) . Moreover, Twist1 induces the expression of the stemness gene Bmi1 to promote EMT and the tumorinitiating capability of head and neck cancer cells (4) . Together, this diverse evidence suggests that inducers of EMT may be involved in reprogramming differentiated tumor cells into CSCs. However, the molecular mechanism for the initiation and maintenance of these stem cell-like traits remains unclear.
In this study, we found that EMT induction is not sufficient to generate cells with properties of CSCs. Our results indicate that autocrine/paracrine signaling might play a key role in maintaining the mesenchymal state and subsequent promotion of the CSC phenotype. These findings illuminate a direct link between the microenvironment niche and EMT in promotion of the CSC phenotype, which may be beneficial in designing effective cancer therapeutics.
Materials and Methods

Cell lines
All cell lines were obtained from the ATCC. They were tested and authenticated by short tandem repeat analysis (in 2015).
Constructs and reagents
The DKK1 expression construct was obtained from Addgene. The SFRP1 expression construct (5) was a gift from Ya-Wen Lin (National Defense Medical Center, Taipei, Taiwan). The Twist1 expression construct (6) was a gift from Kimitoshi Kohno (University of Occupational and Environmental Health, Kitakyushu, Japan). Twist1 mutants with a C-terminal deletion (DC; residues 184-202 deleted) and an N-terminal deletion (DN; residues 1-111 deleted) were generated by PCR amplification of the corresponding cDNA fragments using wild-type Twist1 as a template. The Twist1 mutant (Twist1D169A) (7) was generated by site-directed mutagenesis using the wild-type Twist1 as a template. The correct sequence of the clones was verified by sequencing. Plasmid pLKO.1-shRNA encoding an shRNA with a scrambled sequence or sequences targeting human Sox15 and Ecadherin (National RNAi Core Facility) was introduced into HEK293T cells using the lentiviral packaging vectors pMD.G and pCMV_8.91. Antibodies against the following proteins were used: E-cadherin (610181; BD Biosciences); Twist1 (Ab50887), histone H3 (Ab1791), and ABCG2 (Ab3380; all from Abcam); active b-catenin (ALX-804-260/1; dephosphorylated at Ser33/37; Enzo Life Sciences); total b-catenin (C2206), b-actin (A5441), and TCF4 (T5817; all from Sigma); and phospho-b-catenin (phosphorylated at Ser33/37/Thr41; 9561; Cell Signaling Technology).
Microarray data collection and analysis
Total cellular RNA was extracted from LM and HM20 cells after treatment with or without Wnt3a. Approximately 2 mg of RNA was labeled and hybridized to Human HT-12 arrays (Illumina). Expression values were determined with GenomeStudio Data Analysis Software (Illumina), and this software was used for all data analysis. The data discussed in this publication have been deposited in National Center for Biotechnology Information Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih. gov/geo/) and are accessible through GEO Series accession number GSE67571.
Human samples and immunohistochemical analysis
Sectioned human lung cancer specimens were obtained from GenDiscovery Biotechnology, Inc. All staining procedures were performed using a Super Sensitive IHC Detection Systems kit (BioGenex). Counterstaining was performed with hematoxylin. A semiquantitative method for calculating positive signals was used. Signals were counted in 6 fields per sample under a light microscope at Â400 magnification. The results were manually evaluated by 2 independent observers to determine both the percentage of positive cells and the staining intensity, as previously described (8) . The observers were blinded to the stage of each sample. The IHC score was obtained by multiplying the staining intensity (0, no expression; 1, weak expression; 2, moderate expression; 3, strong expression; and 4, very strong expression) by the percentage of positive cells (0, 0%-5% expression; 1, 6%-25% expression; 2, 26%-50% expression; 3, 51%-75% expression; and 4, 76%-100% expression) in the field. The maximum possible IHC score was 4 Â 4 ¼ 16.
Chromatin immunoprecipitation with high-throughput sequencing
Chromatin immunoprecipitation with high-throughput sequencing (ChIP-seq) experiments and data processing were performed as described previously (9) . For b-catenin ChIP, we chemically crosslinked and sonicated cells to generate fractionated gDNA. The DNA was immunoprecipitated with anti-b-catenin (Sigma). The DNA fragments were blunt-end ligated to the Illumina adaptors, amplified, and sequenced (IlluminaHiSeq 2000). All reads were mapped to the Human Reference genome build 37 (hg19) using Burrows-Wheeler Alignment (10) , and only uniquely matched reads were retained. A parallel version of MEME (Multiple EM for Motif Elicitation; ref. 11) software was used to perform a de novo search of consensus binding motifs for b-catenin. The peak sequences were annotated using the tool MEME-ChIP (12, 13) search against the JASPAR CORE 2009 vertebrates (14) databases and UniPROBE database (15) . Given a set of human genomic regions, this tool performs (i) ab initio motif discovery, (ii) motif enrichment analysis, (iii) motif visualization, (iv) binding affinity analysis, and (v) motif identification.
ChIP and re-ChIP assays
The ChIP-seq assays were performed as described previously (16) . For re-ChIP assays, immunoprecipitates were sequentially washed. Complexes were eluted by incubation with 10 mmol/L dithiothreitol (DTT) at 37 C for 30 minutes, diluted 50 times with dilution buffer (17) , and then followed by a second immunoprecipitation with the indicated antibodies. Extracted DNA was analyzed by PCR using primers spanning the proximal promoter regions of CDH1 (nucleotide positions À276/À95), ABCG2 (À1250/À1050), or CASP3 (À456/À276). Following 30 cycles of amplification, PCR products were run on a 1.5% agarose gel and analyzed by ethidium bromide staining.
Western blotting
Western blotting was performed as described previously (18) .
Sphere-forming culture and self-renewal capability assays Spheres were generated as described previously (9) . Briefly, cells were grown in suspension culture using ultra-low attachment plates (Corning) and serum-free RPMI (Gibco) supplemented with B27 (Invitrogen), 20 ng/mL EGF, and 10 ng/mL basic fibroblast growth factor (bFGF; BD Biosciences). Spheres with a diameter of >30 mm were then counted. For serial passages (the self-renewal capability assays), spheres were harvested and dissociated to single cells with trypsin, and dissociated cells were replated in a 96-well plate (diluted to 1 cell per well in an ultra-low attachment plate) and cultured for 12 days. The spheres were then counted again. The individual spheres were found to be derived from single cells (1) .
Identification and isolation of side population cells
Side population cells were identified as described previously (9) .
Animal experiments
Severe combined immunodeficient (SCID) CB17 female mice (6 weeks old) were used, and all experiments were carried out with the approval of the local regulatory authorities. For the in vivo tumorigenicity assay, mice were injected subcutaneously with 10 2 to 10 4 cells in 100 mL of a 1:1 mixture of DMEM (with or without Wnt3a)/Matrigel. Tumorigenicity was evaluated at 4 weeks after transplantation.
Statistical analysis
Statistical analysis of data was performed with the Student t test using SigmaPlot software. The Fisher exact test was used for comparisons between groups. Differences were considered to be statistically significant at P < 0.05.
Results
EMT induction is not sufficient to generate cells with properties of CSCs
A recent report has suggested that there may be a direct link between EMT and the acquisition of CSC properties (1) . Diverse extracellular signals have been reported to induce EMT in various cell types. To determine whether cancer cells that have undergone EMT and CSCs have similar traits, we induced EMT in serially selected cells (LM and HM1-HM20 cells as described in Supplementary Fig. S1 and Supplementary Information) by exposure to extracellular ligands, including TGFb (19) , Wnt3a (20) , Wnt5a (21) , and BMP4 ( Fig To substantiate the results described above, we performed a 48,804-feature microarray analysis on the expression profiles of LM and HM20 cells after treatment with or without Wnt3a. Because HM20 cells already exhibited an EMT phenotype (Fig.  1D ), we wanted to determine whether this phenotype was associated with CSC properties. Prior to treatment with Wnt3a, we did indeed find genes in categories including self-renewal markers ( Fig. 1E ), CSC markers (Fig. 1F ), and ATP-binding cassette (ABC) transporter genes ( Fig. 1G ), which were only slightly upregulated in HM20 cells relative to LM cells. These data again show that EMT induction is not sufficient to generate cells with properties of CSCs, indicating that regulation of the CSC phenotype requires additional elements. More importantly, after treatment with Wnt3a, many CSC-related genes were substantially upregulated in HM20 cells, whereas they were not upregulated in LM cells ( Fig.  1E -G).
Transcription cofactor b-catenin has diverse targets in cells undergoing EMT upon stimulation with Wnt3a
To substantiate the results ( Fig. 1E -G) showing differences in the expression profiles of LM and HM20 cells after treatment with Wnt3a, we performed ChIP-seq analysis to identify the genomewide distribution of genes bound by the b-catenin complex in LM and HM20 cells after stimulation with Wnt3a. We investigated whether the b-catenin transcription cofactor bound to different gene loci and motifs in LM and HM20 cells. Details of the number of reads that underwent data preprocessing are presented in Supplementary Tables S1 (LM cells, top) and S2 (HM20 cells, top). We identified multiple peaks across the selected chromosomes in LM (red, top) and HM20 (green, bottom) cells ( Fig. 2A ). Most genome sequences bound by the b-catenin complex in LM and HM20 cells were distinct. The 30 highest scoring (Tag number) genes selected are shown in Supplementary Tables S1 (LM  cells, 
bottom) and S2 (HM20 cells, bottom).
Next, we evaluated localized b-catenin-dependent transcriptional regulation of b-catenin-occupied genes that contribute to the properties of CSCs. Some of the ABC transporter genes are well-known to be regulated by b-catenin (23) . As shown in Fig. 2B , we identified multiple peaks across the extended locus of the selected ABC transporter genes in HM20 cells (green, bottom) but not in LM cells (red, top).
We examined the comparative distribution of b-catenin-binding sites in LM and HM20 cells and found that 17.6% (964 of 5,490) of b-catenin-occupied sites in LM cells and 19.4% (5,520 of 28,421) of b-catenin-occupied sites in HM20 cells were located in promoters ( Fig. 2C) . Notably, 38.5% (2,113 of 5,490) of b-catenin-binding sites in LM cells and 32.8% (9,332 of 28,421) of b-catenin-binding sites in HM20 cells were localized to intergenic regions, where they could potentially function as distal enhancers or promoters of unannotated transcripts (Fig.  2C ). To enumerate b-catenin-bound genes in LM and HM20 cells, we identified 675 and 7,095 genes uniquely bound by b-catenin in LM and HM cells, respectively. Interestingly, 1,667 genes were bound by b-catenin in both cell types ( Fig. 2D ). TCF-binding elements have been found in the promoter regions of many TCF target genes and are characterized by a highly conserved consensus sequence, 5 0 -CTTTG(A/T)(A/T)-3 0 (24). The number of b-catenin/ TCF complexes bound to the conserved motifs after Wnt3a treatment was dramatically greater in HM20 cells than in LM cells ( Fig. 2E ).
To determine whether other elements were identifiable in our genome-wide analysis, we carried out de novo searches of consensus motifs of b-catenin-bound regions in LM and HM20 cells using MEME software ( Fig. 2F ; refs. 12, 13) . We further validated these results with side population percentage assays after the elimination of transcription factor transcripts by RNA interference (RNAi). Sox15 in LM cells was a negative regulator ( Supplementary Fig. S4A ), and TCF4 in HM20 cells was required for promotion of the CSC phenotype that was elicited by Wnt/b-catenin ( Supplementary Fig. S4B ). Thus, b-catenin plays discrete roles in epithelial and mesenchymal cells after stimulation with Wnt3a. complexes, which then bind to related gene promoters (a switch from CASP3 to ABCG2 promoters, for example). Similar results were shown previously in CL1-0 (epithelial-type) and CL1-5 (mesenchymal-type) cells ( Supplementary Fig. S5 ; ref. 25) . Taken together, these results indicate that the transcription cofactor b-catenin binds to diverse targets in cells undergoing EMT upon stimulation with Wnt3a.
b-Catenin/E-cadherin/Sox15 and b-catenin/Twist1/TCF4 possess opposing effects in regulating Wnt-elicited promotion of the CSC phenotype
Using the cells that were serially selected for invasiveness (as shown in Supplementary Fig. S1 ), we found that Wnt3a, but not Twist1, increased TOPflash (a reporter plasmid containing EMT followed by canonical Wnt signaling stimulation generates cells with properties of CSCs. A, cells were exposed to extracellular ligands (TGFb, Wnt3a, Wnt5a, and BMP4). The percentage of E-cadherin expression was determined by flow cytometry. B, in vitro quantification of spheres formed by cells over four serial passages. The individual spheres were found to be derived from single cells. C, cells were stained with Hoechst 33342, and side population (SP) cells were counted. D-G, 48804-feature microarray analysis was performed on the expression profiles of LM and HM20 cells after treatment with control medium (Cont) or Wnt3a-containing medium. The genes clustered were grouped into five categories on the basis of their cellular functions and properties. These categories included epithelial/ mesenchymal marker genes (D), self-renewal marker genes (E), CSC marker genes (F), and the ABC transporter family genes (G). Representative clusters of the indicated genes are shown as heatmaps, with red indicating increased expression and green indicating decreased expression, as indicated by the color intensity scale shown below each heatmap. Data in A-C were derived from three independent experiments and are presented as mean AE SD. Ã , P < 0.05 (t test). The distribution of b-catenin-binding sites was analyzed based on their location: promoter (from 10 kb upstream to the transcriptional start site), intragenic, and intergenic regions. D, Venn diagram showing the number of genes bound by the b-catenin complex in LM cells only, in HM20 cells only, and in both cell types after stimulation with Wnt3a. E, the number of TCF-binding motifs that were present in the peak sequences of LM and HM20 cells after Wnt3a treatment was scored. The numbers in the bar graph are the sum of each peak sequence (CTTTGAA, CTTTGAT, CTTTGTA, and CTTTGTT). F, a parallel version of MEME software was used to perform a de novo search of consensus binding motifs for b-catenin and transcription factors bound in LM and HM20 cells. multiple copies of wild-type TCF-binding sites) reporter activity ( Fig. 4A ) and the side population percentage (Fig. 4B ) only in cells that expressed lower E-cadherin levels. However, Twist1 can promote Wnt/b-catenin-elicited transcriptional activity and the CSC phenotype (Wnt3a/Twist1; Fig. 4A and B ). To gain more insight into the molecular mechanisms underlying tumor promotion by Twist1, we investigated associations of Twist1 with Wnt signaling-related molecules. Figure 4C shows that Twist1 associated with phospho-b-catenin (PS33,37/PT41). In addition, this association could be enhanced by Wnt3a stimulation, which was associated with an increase in TCF4 in Twist1 immunoprecipitates only from HM20 cells (Fig. 4D ).
As noted above, the formation of the b-catenin/E-cadherin/ Sox15 complex (which then bound to the proximal promoter region of CASP3) was enhanced by Wnt3a stimulation (Fig. 3) . A recent study has demonstrated that Twist contains a putative caspase-3/7 consensus site (DELD) between amino acids (aa) 166 and 169 (7) . Twist is a substrate for cleavage by caspase-3/7, and its cleavage results in ubiquitin-mediated proteasome degradation (7) . Consistent with this observation, Wnt3a stimulation EMT acts as a molecular switch from b-catenin/E-cadherin/Sox15 to b-catenin/Twist1/TCF4 complex formation. A-C, nuclear fractions were prepared from cells after subsequent serial selection (LM-HM20) with or without Wnt3a treatment. For tandem coimmunoprecipitation, nuclear fractions were immunoprecipitated with anti-b-catenin for the first precipitation, followed by a second immunoprecipitation of the first round-precipitated proteins with anti-E-cadherin (A) or anti-TCF4 (B). Proteins in the second immunoprecipitates were analyzed by Western blotting as indicated. D, nuclear extracts were prepared from cells as described in A. For re-ChIP, the DNA was immunoprecipitated with anti-b-catenin for the first precipitation, followed by a second immunoprecipitation after DNA isolation with antibodies against E-cadherin, b-catenin, TCF4, Twist1, or Sox15. Extracted DNA was analyzed by PCR using primers spanning the proximal promoter regions of CDH1, ABCG2, or CASP3. A, whole-cell lysates were prepared from cells after subsequent serial selection (LM-HM20) and were transfected with either a plasmid encoding Twist1 or a control plasmid prior to treatment either with or without Wnt3a. A TOPflash luciferase reporter assay was then performed. B, cells selected as described in A were stained with Hoechst 33342 and side population cells were counted. C and D, whole-cell lysates (C) and nuclear fractions (D) were prepared from LM (D) and HM20 (C and D) cells and then immunoprecipitated using anti-Twist1 followed by Western blotting. E, whole-cell lysates were prepared from LM or HM20 cells infected with a lentivirus encoding an shRNA targeting E-cadherin or Sox15 or transfected with plasmids encoding E-cadherin or Twist1D169A prior to Wnt3a treatment followed by Western blotting. F, whole-cell lysates were prepared from LM cells as described in E. A luciferase reporter assay for CDH1 promoter activity was then performed. (Continued on the following page.) in LM cells and E-cadherin expression in HM20 cells triggered Twist1 cleavage, whereas Twist1D169A was not cleaved under the same conditions (Fig. 4E ). Inhibition of caspase-dependent Twist cleavage by Ac-DEVD-CHO or by Sox15 or E-cadherin RNAi in LM cells abolished the effect on Twist1 cleavage (Fig. 4E) . Similar results were shown in CL1-0 and CL1-5 cells ( Supplementary Fig. S6A) .
To measure the effect of E-cadherin/b-catenin/Sox15-mediated Twist1 cleavage, we determined CDH1 (E-cadherin) promoter activity using luciferase reporter assays. After stimulation with Wnt3a, mock-transfected LM cells exhibited an increase in CDH1 promoter activity compared with mock-transfected controls, suggesting that E-cadherin/b-catenin/Sox15 leads to increased CDH1 promoter activity (abolishing Twist-mediated inhibition; Fig. 4F ).
Consistent with this observation, inhibition of the formation of E-cadherin/b-catenin/Sox15 complexes by E-cadherin or Sox15
RNAi abolished E-cadherin/Sox15-mediated enhancement in CDH1 promoter activity (Fig. 4F ). In addition, inhibition of caspase-dependent Twist cleavage by Ac-DEVD-CHO or the expression of Twist1D169A also decreased CDH1 promoter activity ( Fig. 4F) To further define the effects of caspase-dependent Twist cleavage that are involved in association with b-catenin, deletion mutants were generated from the wild-type (Fig. 4G ). Twist1DC (which mimics caspase-cleaved Twist1) failed to associate with b-catenin, indicating that the C-terminal domain (residues 184-202) of Twist1 is important for their association (Fig. 4H) . b-Catenin-associating Twist1 may have contributed to b-catenin stabilization (Fig. 4I ) by associating with phospho-b-catenin ( Fig.  4J) and then enhancing Wnt3a-mediated b-catenin/TCF transcriptional activity in HM20 cells (Fig. 4K ). When we characterized the effect of Twist1 on Wnt/b-catenin-elicited promotion of the CSC phenotype compared with controls, we found that b-cateninassociating Twist1 dramatically promoted the ability of cells to form spheres in culture over 4 serial passages (Fig. 4L ). It also promoted the expression of stem cell-related and ABC transporter genes (Fig. 4M) after stimulation with Wnt3a whereas Twist1DC did not. Consistent with this observation, in LM cells compared with controls, inhibition of E-cadherin/b-catenin/Sox15 complex formation by E-cadherin or Sox15 RNAi and inhibition of caspase-dependent Twist cleavage by Ac-DEVD-CHO or expression of Twist1D169A substantially promoted the expression of stem cell-related and ABC transporter genes after stimulation with Wnt3a ( Fig. 4N) . Similar results were shown in CL1-0 and CL1-5 cells ( Supplementary Fig. S6B-S6D ).
Canonical Wnt signaling is required for an EMT-driven gain of CSC properties in experimental animal models
For in vivo tumorigenicity assays, mice were injected subcutaneously with 10 4 to 10 2 cells. In a dose-response experiment on LM and HM20 cells (10 3 -10 4 cells) with or without Wnt3a treatment injected per mouse, no differences in the tumorigenic potential ( Fig. 5A and B ) or tumor growth ( Fig. 5C and D) were evident unless 10 2 cells (only in HM20 cells; Fig. 5A, B , and E) were injected. LM cells transfected with E-cadherin or Sox15 shRNA or with a Twist1/D169A vector after Wnt3a treatment showed the highest tumorigenic potential and more tumor growth when injected with as few as 10 2 cells (Fig. 5A and E) . In addition, Twist1 expression in HM20 cells (10 2 cells) further enhanced the Wnt3a-elicited tumorigenic potential (Fig. 5B ) and tumor growth ( Fig. 5E) , whereas E-cadherin expression significantly disrupted Wnt3a-elicited functions (Fig. 5B) . To test whether cancer cells derived from xenografts (described in Fig. 5E ) exhibited the properties of CSCs and an EMT phenotype, the resultant tumors were analyzed. The pattern of CSC-related gene (ABCG2 and CD133) expression in the secondary tumors in vivo was significantly higher, whereas E-cadherin was significantly lower, compared with in vitro observations ( Fig. 5F and Supplementary Fig. S7 ).
Five-gene signature (nuclear b-catenin High /nuclear Twist1 High / E-cadherin Low /Sox15 Low /CD133 High ) is closely associated with progression and metastasis in patients with lung cancer
To validate the clinical relevance of the EMT/Wnt/b-catenin pathway to human cancer and its contribution to promotion of the CSC phenotype during lung tumorigenesis, we analyzed the expression profiles of nuclear b-catenin, nuclear Twist1, E-cadherin, Sox15, and CD133. We used IHC staining and scoring (8, 26) in consecutive slides from 108 primary (stages IA, IB, IIA, IIB, III, and IV) and 10 metastatic human lung cancer specimens. Low-grade (stages IA and IB) primary lung cancers showed low levels of nuclear b-catenin, nuclear Twist1, and CD133 and high levels of E-cadherin and Sox15 (Fig. 6A) . In contrast, high-grade (stages III and IV) primary and metastatic lung cancers showed high levels of nuclear b-catenin, nuclear Twist1, and CD133 and low levels of E-cadherin and Sox15 (Fig. 6A) . Notably, we observed a direct association between tumor grade and the nuclear b-catenin, nuclear Twist1, and CD133 signals. These reached their maximum in high-grade (stages III and IV) primary and metastatic lung cancers, whereas E-cadherin and Sox15 signals reached their maximum in low-grade (stages IA and IB) primary lung cancers ( Fig. 6B-G) .
Using a bimodal IHC score distribution, tissues with IHC scores that were lower than average were designated as having "Low" expression, and scores that were higher than average were designated as having "High" expression (designations shown in Fig.  6G ; e.g., nuclear Twist1 H ). The percentage of patients displaying the pattern signature of nuclear b-catenin High , nuclear Twist1 High , E-cadherin Low , Sox15 Low , and CD133 High expression (which suggests hyperactivity of the EMT/Wnt/b-catenin pathway) increased in line with the increase in tumor grade (Fig. 6G) . These results further support the idea that the 5-gene signature (nuclear b-catenin High /nuclear Twist1 High /E-cadherin Low /Sox15 Low / CD133 High ) is closely associated with progression and metastasis in patients with lung cancer and indicates that these proteins could serve as predictors for poor overall patient survival.
Discussion
Several reports suggest that EMT generates cancer cells with stem cell-like properties in various cancers, including lung cancer (27) . Few studies have focused on illustrating the detailed molecular mechanism that links EMT and stemness. However, some of the paracrine/autocrine signaling necessary for stem cell-like properties was recently shown to be induced through EMT (2). Mice were euthanized at 28 days after transplantation. E-cad, E-cadherin. C and D, for in vivo tumorigenicity assay as described in A and B, tumor volumes were evaluated at 16, 21, 24, and 28 days after transplantation in mice injected subcutaneously with 10 3 cells. Representative images of tumors (mice euthanized at 28 days) generated are shown in D. E, for in vivo tumorigenicity assay as described in A and B, tumor volumes were evaluated at 28 days after transplantation in mice injected subcutaneously with 10 2 cells. F, cancer cells derived from the xenografts as described in E were analyzed. The level of E-cadherin, ABCG2, and CD133 expression was determined by flow cytometry. The specific fluorescence index was calculated as the ratio of the geometric mean fluorescence value obtained with the specific antibody and the isotype control antibody. Data in D were derived from three independent experiments and are presented as mean AE SD. Ã , P < 0.05 (t test). Here, we demonstrate a convergence of factors from 2 different mechanisms-EMT and the canonical Wnt signaling pathway. It is still not known whether an active signaling pathway can successfully operate reprogramming in mesenchymal-type, rather than epithelial-type, cancer cells. Many results support a model in which b-catenin provides a platform for the recruitment of a multitude of transcriptional co-activators initiating or modifying Wnt/b-catenin transcription. ChIP-based time course experiments focusing on b-catenin target promoters support a dynamic cycling mechanism (28) . It is likely that there will be cell and gene-specific mechanisms as well. We found in this study that in epithelial cells, Sox15 functioned as a repressor of EMT by interacting with b-catenin in Wnt/b-catenin signaling. In mesenchymal cells, Twist1 associated with b-catenin and enhanced b-catenin/TCF transcriptional activity ( Supplementary Fig. S8 ).
In parallel, binding of Wnt to Frizzled receptor leads to hyperphosphorylation of the Disheveled protein (29) , which, through its association with the destruction complex [consisting of the scaffold proteins Axin (30) (37) . In our study, we found that in epithelial-type cells b-catenin associated with E-cadherin, preventing APC (the destruction complex) from binding to b-catenin as anticipated. In addition, the binding sites on b-catenin for TCF4 and E-cadherins are also mutually exclusive, and overexpression of E-cadherin can block TCF4/b-catenin-mediated transcription in vitro (38) . Consistent with these findings, we demonstrated that Sox15 (instead of TCF4), in complex with b-catenin and E-cadherin (Fig. 3A) , bound to the proximal promoter region of CASP3 (not a putative TCF4/b-catenin target gene).
The mechanisms by which Wnt inhibits the destruction complex are only partially understood, but recent work has indicated that a key step regulated by Wnt is the dissociation of b-TrCP from the complex (39) . b-Catenin is presented to the proteasome through its interaction with the F-box-containing E3 ligase protein b-TrCP, an adaptor protein that forms a complex with the Skp1/Cullin machinery to attach ubiquitin to its binding partners (35) . The binding site for b-TrCP on b-catenin is a short peptide that encompasses 2 conserved serines, Ser33 and Ser37, which when phosphorylated, interact with the b-propeller domain of b-TrCP (40) . In our data, Twist1 contributed to b-catenin stabilization in mesenchymal cells (Fig. 4I) by associating with phospho-b-catenin (phosphorylated at Ser33/37; Fig. 4C ) and then enhancing Wnt3a-mediated b-catenin/TCF transcriptional activity in HM20 cells (Fig. 4K ). Twist1/b-Catenin association did not interfere with b-catenin binding to the destruction complex because Ser33 and Ser37 of b-catenin could still be phosphorylated. However, the interactions of phospho-b-catenin with Twist1 and b-TrCP are mutually exclusive. Phospho-b-catenin association with Twist1 prevented it from binding to b-TrCP. Consequently, b-catenin was stabilized by escaping recognition by b-TrCP and eventually translocated to the nucleus where it engaged the transcription factors LEF/TCF4 to activate expression of downstream genes.
Unexpectedly, not all b-catenin phosphorylated by GSK3b undergoes degradation. A fraction of phospho-b-catenin (phosphorylated at Ser33/37) is detected in centrosomes, which contributes to centrosomal cohesion and separation at the onset of mitotic spindle formation (41) . Phospho-b-catenin localizes to the centrosomes of neuronal progenitors and is required for cell polarity and neurogenesis in the developing midbrain (42) . Although phospho-b-catenin has a short half-life, degradation of phospho-b-catenin appears to be determined by its subcellular localization (43) . It is likely that b-catenin is phosphorylated by GSK3b in the nucleus, where it is protected from degradation, allowing it to accumulate until mitosis, and it is then released to the cytoplasm when the nuclear membrane is broken (41) . In G 2 -M, nuclear accumulation of phospho-b-catenin protects it from degradation. In contrast, phospho-b-catenin released to the cytoplasm is rapidly degraded when cells enter into the next G 1 phase (41) . Here, we found that Twist1 associated with phosphob-catenin (PS33,37/PT41; Fig. 4C ) and prevented it from being released to the cytosol (increased nuclear phospho-b-catenin; Fig. 4I ).
Caspase-mediated cleavage may result in either substrate activation or in protein inactivation. We have shown that caspasemediated proteolysis results in Twist inactivation, consistent with results of a previous study (7) , which demonstrated that the DELD motif at positions 166 to 169 of the Twist protein was recognized as a cleavage site by caspase-3. Although the critical function of caspase-3 in apoptosis is firmly established, an increasing number of studies have unexpectedly revealed various nonapoptotic functions of caspase-3, including mediating lymphocyte proliferation, erythroblasts, lens epithelial cells, skeletal muscle cells, neural differentiation, and stem cell maintenance (44, 45) . A nonapoptotic role for caspase-3 in the regulation of cell proliferation (45) and differentiation (44) is suggested by its ability to cleave substrates associated with cell-cycle control (p21; ref. 45 ) and to finely modulate differentiation (Nanog; ref. 44 ). It will be of great interest to test the regulation of caspase-3 activation under nonapoptotic conditions. The time is ripe for further exploration of the nonapoptotic functions of caspases-3 and for the systematic identification of caspase-3 substrates that might function as critical effectors for these cellular processes.
Accumulating clinical evidence has demonstrated that E-cadherin (17), b-catenin (46), and Twist1 (47) are markers of malignancy for different cancers, whereas their functional relationships have not been completely delineated. To confirm that the cooperative role between b-catenin and Twist1 occurs across multiple cancers, we tested tumor samples from patients with lung cancer. SOX family members, such as SOX17 (48) and SOX6 (49), are established tumor suppressor genes in other cancer types, whereas SOX15 has not previously been described as a tumor suppressor gene. We found that Sox15 associated with the b-catenin/E-cadherin complex and then bound to the proximal promoter regions of CASP3, consequently resulting in Twist1 cleavage in epithelial-type cells. Sox15 could thus act as a negative regulator of Wnt signaling-elicited promotion of the CSC phenotype. Furthermore, compared with low-grade cancer, both high-grade and metastatic cancer exhibited markedly downregulated Sox15 in clinical human lung cancer specimens. This observation implies that the combination of nuclear b-catenin High / nuclear Twist1 High /E-cadherin Low /Sox15 Low /CD133 High may be
